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SNARE Selectivity of the COPII Coat
nisms by which these SNARE gradients are formed inElena Mossessova,1 Lincoln C. Bickford,1
and Jonathan Goldberg* cells. The simplest model predicts that vesicular coat
complexes selectively incorporate SNAREs into vesi-Howard Hughes Medical Institute and the Cellular
Biochemistry and Biophysics Program cles, and that SNARE selection is coupled somehow to
the NSF disassembly reaction so that coats can segre-Memorial Sloan-Kettering Cancer Center
1275 York Avenue gate and distribute fusogenic as well as nonfusogenic
forms.New York, New York 10021
In Saccharomyces cerevisiae, the SNARE proteins
Sed5 (syntaxin-5), Bos1 and Sec22 form the t-SNARE,
and Bet1 the cognate v-SNARE, of a SNARE complexSummary
that is required for transport from the endoplasmic retic-
ulum (ER) to the Golgi apparatus (Newman et al., 1990;The COPII coat buds transport vesicles from the endo-
plasmic reticulum that incorporate cargo and SNARE Dascher et al., 1991; Hardwick and Pelham, 1992; Parlati
et al., 2000). All four SNAREs are packaged into ER-molecules. Here, we show that recognition of the ER-
Golgi SNAREs Bet1, Sed5, and Sec22 occurs through derived vesicles formed by the COPII coat, a complex
of Sar1–GTP, Sec23/24, and Sec13/31 subunits (Bar-three binding sites on the Sec23/24 subcomplex of
yeast COPII. The A site binds to the YNNSNPF motif lowe et al., 1994; Cao and Barlowe, 2000). Vesicle bud-
ding is initiated when Sar1–GTP recruits Sec23/24 toof Sed5. The B site binds to Lxx-L/M-E sequences
present in both the Bet1 and Sed5 molecules, as well the ER to form a prebudding complex that incorporates
cargo and SNAREs; direct interactions have been docu-as to the DxE cargo-sorting signal. A third, spatially
distinct site binds to Sec22. COPII selects the free mented between Sec23/24–Sar1 and the SNAREs Bet1
and Sed5 (Aridor et al., 1998; Kuehn et al., 1998; Springerv-SNARE form of Bet1 because the LxxLE sequence is
sequestered in the four-helix bundle of the v-/t-SNARE and Schekman, 1998; Peng et al., 1999). The subsequent
recruitment of Sec13/31 causes coat polymerization andcomplex. COPII favors Sed5 within the Sed5/Bos1/
Sec22 t-SNARE complex because t-SNARE assem- the budding of vesicles that are capable of fusing homo-
typically, as well as heterotypically with Golgi mem-bly removes autoinhibitory contacts to expose the
YNNSNPF motif. The COPII coat seems to be a specific branes (Rowe et al., 1998; Cao and Barlowe, 2000).
The nature of the interactions between COPII andconductor of the fusogenic forms of these SNAREs,
suggesting how vesicle fusion specificity may be pro- ER–Golgi SNAREs has not been established. ER export
signal sequences have been characterized for certaingrammed during budding.
cargo proteins, the clearest example being the DxE sort-
ing signal (present on VSV G and yeast Sys1 proteins,Introduction
among others), which promotes ER export through a
direct interaction with Sec23/24 (Nishimura et al., 1999;The specific fusion of transport vesicles with target
membranes is fundamental to the maintenance of Votsmeier and Gallwitz, 2001). DxE sequences are not
present on ER–Golgi SNAREs.organellar structure. Vesicle docking and fusion require
the pairing of v-SNARE proteins anchored in the vesicle In this study, we have taken a biochemical approach
to define a set of COPII–SNARE interactions that we infermembrane with target membrane t-SNAREs, to form
trans-SNARE complexes that bridge the bilayers (Weber are responsible for SNARE uptake into COPII-coated
vesicles. We demonstrate that the assembly state of theet al., 1998; Chen et al., 1999). At the core of these
complexes are 65 amino acid “SNARE motifs,” hep- SNAREs is a central determinant of coat recognition,
and that COPII is selective toward the fusogenic formstad-repeat sequences that can self-assemble into an
exceptionally stable four-helix bundle (Sutton et al., as a result.
1998; Bock et al., 2001). Membrane fusion is catalyzed
when the energy available from SNARE assembly coun- Results
teracts the activation energy barrier of membrane
merger, and only cognate pairs of v- and t-SNAREs Experimental Approach
seem able to appropriately overlap the energy profiles Interactions between coat proteins and cytosolic re-
for fusion to occur (McNew et al., 2000; Parlati et al., gions of SNAREs or cargo must be sufficiently weak
2000). Following fusion, cis-SNARE complexes are dis- that they do not recruit coats directly from cytosol and
assembled by the ATPase NSF and its cofactor -SNAP bypass the GTPase regulatory step, but sufficiently
(So¨llner et al., 1993; Mayer et al., 1996). strong to concentrate the SNARE in a prebudding com-
The idea that cognate v- and t-SNAREs separated plex when the association is confined to the membrane.
in opposite compartments constitute spatially defined Consequently, the individual binding energies are likely
pathways of chemical force that drive vesicular trans- to be quite small, making detection difficult using solu-
port has focused attention on the molecular mecha- tion-based biochemistry alone. Our approach to the
problem involved three steps. First, a simple SNARE
binding assay capable of detecting weak interactions*Correspondence: jonathan@ximpact4.ski.mskcc.org
1These authors contributed equally to this work. was used to identify discrete COPII binding sequences
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Figure 1. Sec23/24 Binds Specifically to the SNARE Proteins Bet1, Sed5, and Sec22
(A) SNARE–GST fusion proteins were incubated with an input mixture comprising Sec23/24 (0.3 mg/ml) and E.coli cytosol (13 mg/ml), in the
presence or absence of Sar1–GppNHp (0.3 mg/ml; 10-fold molar excess over Sec23/24). Specific binding was assessed by the enrichment
of Sec23 and Sec24 proteins from the input (lane 2). E.coli Hsp70 is an innocuous contaminant. Proteins were analyzed by 4%–20% SDS-
PAGE and Coomassie blue staining.
(B) Localization of Sec23/24 binding sites on Sed5. Selected residues of the YNNSNPF sequence were mutated to alanine in the context of
the Sed5(202–212)–GST construct (lanes 10–13).
(C) Sec23/24 also binds to a LxxME sequence on Sed5 (lanes 3–11). Fully mutant forms of Sed5 (lane13) and Sed5 (lane 14) contain the
mutations YNNS(N→A)PF and Lxx(ME→AA). Note that mutation of acidic residues to alanine alters the mobility of SNARE–GST proteins.
(D) Sec23/24 binds to a LxxLE sequence on Bet1. Fully mutant Bet1 (lane 11) contains the mutations Lxx(LE→AA).
(E) The SNARE sequences (lanes 2–4) all bind to Sec24, as does the Sys1 DxE sorting signal (lane 5). Input lane 1 contains E.coli cytosol plus
Sec24, and input lane 6 contains cytosol plus Sec23 (arrowhead).
(F) Sec23/24 binds to intact Sec22, but not to Bos1. Bos1 experiments included Sar1–Mg2–GppNHp.
(G) Summary of SNARE sequences encountered in this study. The size of the globular N-terminal domains of Sec22 and Bos1 are known
from the crystal structure of mammalian Sec22 (Gonzalez et al., 2001) and from limited proteolysis of Bos1 (E.M., unpublished data). The
3-helix bundle of the Sed5 NRD is depicted as three cylinders folded back on the SNARE motif. Location of the COPII binding site on folded
Sec22 is speculative.
(Figure 1 and Experimental Procedures). Second, the Three of Four ER–Golgi SNAREs Bind
to the Sec23/24 Complexinteractions were substantiated using X-ray crystallog-
raphy by forming cocrystal complexes between SNARE To test for coat–SNARE interactions, we expressed cy-
tosolic domains of the SNAREs fused to the N terminuspeptides and Sec24 (which was the binding partner in
all cases) and observing electron density that matched of glutathione S-transferase (GST), then immobilized the
fusion proteins on glutathione Sepharose beads andthe SNARE sequences (Figures 2 and 3). Third, an ala-
nine scan of each SNARE peptide determined the contri- probed for binding to Sec23/24. Purified Sec23/24 was
diluted with E. coli cytosolic proteins, and the specificitybution of individual side chains to binding, via a homoge-
neous (fluorescence polarization) assay (Figure 3). of the interactions was assessed by the enrichment of
SNARE Selectivity of the COPII Coat
485
Figure 2. SNARE and Cargo Binding Sites Located by X-Ray Crystallography
(A) Close-up view of the Bet1 LxxLE sequence bound to the B site of the Sec23/24 complex. Residues 51LASLESQS58 are modeled.
(B) Structure of the Sec23/24–Sar1 complex, with the membrane-proximal surface facing forward. This is a composite model comprising
crystal structures from the present study and Sec23/24–Sar1 from a previous study (Bi et al., 2002).
(C) Close-up view of the Sed5 YNNSNPF sequence bound to the A site on Sec24. Residues 201TYNNSNPFM209 are modeled.
(D) The DxE cargo-sorting signal of the Sys1 protein bound to the B site. Residues DLESQ are shown; additional N- and C-terminal residues
have been omitted for clarity, and are shown in detail in Figure 4A. Note that the aspartic acid residue adopts a left-handed backbone
conformation (black arrow), whereas the spatially equivalent serine residue in (A) is right-handed.
the coat proteins from the input mixture (Figure 1A, lane SNARE motif separately for Sec23/24 binding, in the
presence of Sar1 (Figure 1F, lanes 6–8). Sec23/24 ap-2). Sec23/24 bound to the Bet1 and Sed5 GST fusions
and more weakly, but nevertheless specifically, to pears not to interact with the Bos1 cytosolic region or
fragments thereof, within the detection limit of this assaySec22–GST (Figure 1A). No interaction was observed
with Bos1–GST. To test whether the SNAREs favored (approximately Kd  50 M, calibrated by fluorescence-
assay data). We conclude that three of four ER–Golgithe Sec23/24–Sar1–GTP complex, we added Sar1(24–
190)–Mg2–GppNHp (see Experimental Procedures) at SNAREs bind to Sec23/24.
a concentration (16 M) that saturates its binding site
on Sec23/24 (J.G., unpublished data). None of the inter-
actions were affected by the GTP binding protein; in the YNNSNPF and LxxME Sequences Form
a Bipartite Motif on Sed5case of Sed5, this is in accord with the direct Sec24–
Sed5 interaction reported previously (Peng et al., 1999). The syntaxin Sed5 polypeptide (Figure 1G) comprises
a Sly1 binding domain (residues 1–21), a three-helix bun-The Bos1 family of nonsyntaxin SNAREs (Bock et al.,
2001) has yet to be studied in terms of structure and dle and linker region (170–246) together termed N-ter-
minal regulatory domain (NRD), the SNARE motif, andconformation. Might Bos1 adopt a closed conformation
that sequesters a COPII binding site? To test this, we a transmembrane sequence (Bracher and Weissenhorn,
2002; Yamaguchi et al., 2002; Fernandez et al., 1998).delineated an N-terminal folded domain by limited prote-
olysis with subtilisin (Figure 1G), and then examined the In some syntaxin SNAREs, the NRD folds back against
the SNARE motif, to stabilize an autoinhibited state thatinteraction of the N-terminal domain and the C-terminal
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Figure 3. Molecular Recognition of SNARE Sequences by Sec24
(A) Two views of the bound YNNSNPF sequence of Sed5 are shown, 140 apart. Blue contour lines show difference electron density (SA omit
map [Brunger et al., 1998]) at 2.6 A˚ resolution, contoured at 2.8 . Residue Thr201 is omitted for clarity.
(B) Interactions between the YNNSNPF sequence and the A site of Sec24. Selected Sec24 residues are labeled.
(C) The effect of alanine substitutions in the YNNSNPF sequence on the affinity for Sec24. Sec24 protein was titrated against the 5-Fam
conjugated peptide and the fluorescence polarization signal recorded. Data are presented as fraction of fluorescent peptide bound. Only a
subset of the curves is shown for clarity.
(D) Summary of the effects of alanine substitutions in the YNNSNPF sequence.
(E) Difference electron density (SA omit map) for the bound LxxLE sequence of Bet1, calculated at 2.5 A˚ resolution and contoured at 2.5 .
(F) Interactions between the LxxLE sequence of Bet1 and the B site of Sec24.
(G) Affinity titrations by fluorescence polarization measuring the effects of alanine substitutions in the LxxLE sequence of Bet1.
(H) Summary of the alanine-scanning data shown in (G) for the LxxLE sequence of Bet1 (black bars). Data for the LxxME sequence of Sed5
are shown in blue bars, and the scale for these has been adjusted so as to align the wild-type LxxLE and LxxME measurements.
can dramatically slow the rate of t-SNARE assembly that Sed5 contains a bipartite motif for Sec23/24 inter-
action.(Nicholson et al., 1998; Dulubova et al., 1999).
With this in mind, we designed appropriate fragments We probed the strong (202–240) region via a series
of overlapping fragments (not shown), and convergedof Sed5-GST, and mapped the Sec23/24 interaction to
the linker region, which seemed to bind more tightly on a short sequence, Sed5(202–212), which bound as
tightly as the longer forms (Figure 1B, lane 9). Pointthan the complete cytosolic domain (Figure 1B, lanes
2–5). Two overlapping fragments within the linker were mutations of select residues in this region caused de-
fects in binding (lanes 10–13), particularly N206A thatfunctional: 202–240 bound strongly, 218–261 weakly
(lanes 6–7). Surprisingly, a central region of the linker abolished the interaction. We assessed the contribution
of individual side chains more definitively in an alanine(211–243; lane 8) did not bind; this was the first indication
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scan experiment. A series of 12 mer peptides (residues Sec23/24, but to our surprise neither half could recapitu-
late the Sec22 interaction (Figure 1F, lanes 3–5). We201–212) was synthesized with 5-carboxyfluorescein
(5-Fam) conjugated to N termini, and binding to COPII tentatively conclude that monomeric yeast Sec22 binds
to Sec23/24 through a folded epitope on the closed formwas measured by fluorescence polarization (Figures 3C
and 3D). The wild-type Sed5 sequence bound with Kd  of the SNARE (Figure 1G).
2.1 M. Six mutants had substantially lower affinities
(Kd  20–100 M), defining a core region that we have Molecular Recognition of SNARE
called the YNNSNPF motif (Figure 1G). and Cargo Sequences
The YNNSNPF motif is not the sole determinant of the The crystallographic analysis was facilitated by the find-
COPII–Sed5 interaction. Whereas the 202YNNS(N→A)PF208 ing that all the SNARE sequences (as well as the DxE
mutation abolished binding of the Sed5(202–212) frag- cargo signal of Sys1 protein) bind to Sec24 (Figure 1E).
ment (Figure 1B, lane 12), this same mutation was less A new crystal form of Sec24 was grown, synthetic
disruptive in the context of a longer polypeptide (Figure SNARE and cargo peptides were soaked into fully grown
1C, lane 3; Sed5 lacks NRD residues 1–188). We re- crystals at high concentrations (0.3–2 mM), and the co-
turned to the weak binding Sed5(218–261) fragment, crystal structures were determined by standard X-ray
and dissected this by truncation (not shown), point mu- crystallographic methods at 2.5–2.6 A˚ resolution (Table
tations (Figure 1C, lanes 4–11), and alanine scanning 1 and Experimental Procedures). In all cases, peptide
(Figure 3H, blue bars). A wild-type fluorescent (5-Fam) sequences could be modeled straightforwardly into re-
peptide (232–247) bound with Kd  41 M. Mutation of sidual electron density (Figures 3 and 4).
a central set of residues, notably M241A and E242A, The Sed5 YNNSNPF motif bound to a pocket on the
lowered the affinity below the detection limit of the fluo- periphery of the membrane-proximal surface of Sec24
rescence assay (Kd  200 M), and on this basis we (A site in Figure 2). Interestingly, this site on Sec24 is
have called this second Sed5 sequence the LxxME motif equivalent spatially to the Sar1 binding site on the struc-
(Figure 1G). turally homologous Sec23 subunit (Bi et al., 2002). The
To test whether the bipartite motif accounts for the peptide used for cocrystallization was 201TYNNSNP
interaction between Sed5 and Sec23/24, we introduced FMTS211, and strong electron density was restricted to
the mutations YNNS(N→A)PF and 238Lxx(ME→AA)242 to- the central YNNSNPF residues plus Met209 (Figure 3A),
gether into “fully mutant” forms of Sed5 and Sed5. in agreement with the fluorescence assay data. The
Binding was reduced to background levels (Figure 1C, Sed5 peptide enters the binding pocket, forms a tight
lanes 12–14). In summary, Sed5 binds to Sec23/24 	-turn characteristic of NPF sequences, and exits the
through a bipartite motif of YNNSNPF and LxxME se- pocket such that N and C termini are approximately
quences. parallel (Figure 2C). Only a single side chain hydrogen
bond, between Asn203 of Sed5 and Asp731 of Sec24, is
important for the interaction, the peptide being selectedLxx-L/M-E Sequences on Sed5 and Bet1
Yeast Bet1 protein has a short N-terminal region preced- primarily based on shape recognition via hydrophobic
bonds (Figure 3B). Sed5 residues Tyr202 and Asn204ing the SNARE motif, and the entire 13K cytosolic do-
main is probably unstructured in the monomeric state come together and contact Sec24 residues Glu504 and
Asp505; residues 206NPF208 make extensive hydrophobic(Fiebig et al., 1999). The Sec23/24 interaction mapped
to an N-terminal Bet1(1–65)-GST fragment (Figure 1D) contacts in particular to Trp897 of Sec24, in accord
with the relative contributions of the SNARE residueswhich we dissected as before to identify a core region
(Figures 1D, 3G, and 3H, and data not shown). A wild- to binding affinity (Figure 3D).
If the Bet1 LxxLE and Sed5 LxxME sequences bind totype fluorescent Bet1 peptide bound with Kd  7.8 M
(Figure 3H, black bars). The mutation of five residues in a common site on Sec24, then the problem of mapping
binding sites by crystallography would be simplified.this region lowered the affinity significantly (Kd 50–100
M). The three central residues which seemed most We measured the ability of each peptide to displace a
fluorescent Bet1 reporter peptide from Sec24 (Figureimportant for binding formed a LxxLE motif (Figure 1G).
Interestingly, this sequence lies within the N-terminal 5B). The LxxLE and LxxME sequences (as well as the
DxE signal of Sys1) competed for a common site, de-boundary of the SNARE motif (Sutton et al., 1998; Bock
et al., 2001). Also, the LxxLE pattern of critical residues spite the low affinity of LxxME; by contrast, neither the
YNNSNPF sequence nor Sec22–GST had any effect (seesuggested that Bet1 and the Sed5 LxxME sequence
might bind to a common site on Sec23/24. To test Experimental Procedures for exact sequences used).
For completeness, we tested which peptides competewhether the LxxLE sequence accounts for Bet1 binding
to Sec23/24, we introduced the mutations 51Lxx(LE→AA)55 for the A site (Figure 5A). As expected, the LxxME se-
quence had no effect, and this site appeared to be spe-into Bet1. Binding of Sec23/24 to this fully mutant form
was reduced to background levels (Figure 1D, lane 11). cific for the YNNSNPF sequence. Sec22–GST does not
bind to this site, and we conclude that Sec22 binds toFinally, we attempted to dissect the COPII–Sec22 in-
teraction. Structural studies on mammalian Sec22 (Gon- a distinct site on Sec23/24.
Crystallographic analysis of the Lxx-L/M-E peptideszalez et al., 2001) and the homolog Ykt6 defined a folded
N-terminal domain, corresponding to residues 1–125 of proved difficult owing to their relatively low solubilities.
Sed5 LxxME sequences were generally insoluble. Bet1yeast Sec22. In Ykt6, this domain was shown to fold
against the SNARE motif in a closed conformation LxxLE peptides were sufficiently soluble only when
N-terminal residues were absent. The cocrystal struc-(Tochio et al., 2001). We tested whether the N-terminal
folded domain or the SNARE motif alone bound to ture was determined with the Bet1 sequence 50TLASL
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Table 1. Data Collection and Refinement Statistics
Crystal Sec24/Bet1 Sec24/Sed5 Sec24/DxE of Sys1
Peptide bound TLASLESQS TYNNSNPFMTS QLKDLESQI
Space group P3221 P3221 P3221
Cell parameters a, c (A˚) 94.9, 198.6 94.5, 197.9 93.9, 199.9
Data Processing
Overall Outer shell Overall Outer shell Overall Outer shell
Resolution (A˚) 20–2.5 2.59–2.50 25–2.6 2.69–2.60 25–2.6 2.69–2.60
Measured reflections 294,648 19,905 73,768 7,154 156,249 14,893
Unique reflections 34,316 3,076 30,516 3,001 29,281 2,832
Completeness (%) 93.8 86.3 94.5 94.8 91.1 89.7
I/ 47.3 3.1 30.5 6.6 34.7 13.6
Rsym (%)a 4.4 30.0 3.7 19.5 3.4 16.4
Refinement Statistics
Data range (A˚) 20–2.5 25–2.6 25–2.6
Reflections 30,945 29,162 28,780
Nonhydrogen atoms 5,951 5,900 5,893
Water molecules 164 163 166
Rms.  bonds (A˚)b 0.007 0.007 0.006
Rms.  angles ()b 1.3 1.3 1.3
R-factor (%)c 21.6 20.7 20.4
Rfree (%)c,d 26.0 25.8 25.6
a Rsym  100 
 hi|Ii(h )  I(h )|/hI(h ), where Ii(h ) is the ith measurement and I(h ) is the weighted mean of all measurements of I(h ) for
Miller indices h.
b Root-mean-square deviation (rmsd ) from target geometries.
c R-factor  100 
 |FP  FP(calc)|/ FP; R values calculated for data with a 2 cutoff.
d Rfree values were calculated with 5% of the data.
ESQS58 bound, and lacks information on the contribution bone conformation—incompatible with the extended
helicity of LxxLE—enabling the carboxylate side chainof Tyr46 (see Figures 1G and 3H). The electron density
(Figure 3E) shows that the LxxLE motif binds in a helical to form a bivalent interaction with Arg559 of Sec24 (com-
pare Figures 2A, 2D, and 4). The binding mode of theconformation to Sec24 in a shallow groove on the pe-
riphery of the membrane-interaction surface (B site in DxE signal is consistent with the alanine scan data for
the Sys1 sequence (Figure 4D), which showed a domi-Figure 2). Primary side chain contacts are made by the
Bet1 54LE55 residues—comprising a salt-bridge between nant role for 198DxE200, and almost no contribution to
binding from an upstream leucine residue, Leu196. Thus,the glutamate and Arg561 of Sec24, and hydrophobic
contacts between the leucine and hydrophobic base of the DxE sequence of Sys1 seems to be nested in a LxxLE
sequence only by coincidence. Mutation of Asp198 tothe binding site—consistent with their dominant role in
binding (Figure 3H). In addition, Sec24 recognizes the alanine converted DxE to a LxxLE motif, but the affinity
dropped to Kd 100 M presumably because the pep-helical peptide configuration by capping the carbonyl
oxygen atoms of residues 55ESQ57 with guanidinium tide lacked stabilizing N-terminal residues (compare Fig-
ures 3H and 4D). Finally, when point mutations are intro-groups of arginine residues 230 and 235 (Figure 3F). A
total of four arginine side chains contribute to this highly duced into the Sec24 B site, the packaging into COPII
vesicles of both Sys1 and Bet1 is disrupted (Miller etbasic binding site. In Figure 3E, electron density for the
first leucine residue (Leu51) of LxxLE is almost com- al., 2003 [this issue of Cell]).
pletely absent at the 2.5  contour level, probably be-
cause we have used an abbreviated peptide. Further Bet1 LxxLE Sequence Is Occluded
in the v-/t-SNARE Complexstudies are needed to assess the structural role of up-
stream residues Tyr46 and Leu51. The COPII binding motifs that we have uncovered are
located in strategically important regions of the SNAREThe DxE cargo signal, previously shown to interact
with Sec23/24 (Votsmeier and Gallwitz, 2001), is located polypeptides: within the Bet1 SNARE motif and within
the NRD/linker region of Sed5 (Figure 1G). The accessi-at the very C terminus of the Sys1 protein. We dissected
a minimal peptide sequence, 195QLKDLESQI203, and bility of these motifs may be dependent on the assembly
state of the SNAREs; the Sec24 A and B sites wouldfound that it bound to Sec24 (Figure 1E). Crystallo-
graphic analysis, using this sequence, showed that the then be selective toward particular states. To test this,
we purified v-/t- and t-SNARE–GST complexes (FigureDxE signal binds to the B site (Figures 2D and 4). Strong
electron density for the bound peptide (this peptide was 6A), incorporating appropriate mutations in the LxxLE,
YNNSNPF, and LxxME motifs, and measured whetherhighly soluble) revealed that the binding mode shares
some features with the Lxx-L/M-E motif. In particular, they could displace fluorescent reporter peptides from
the Sec24 A and B sites. The assay had two key features:residues 199LE200 of Sys1 198DxE200 adopt a helical configu-
ration and make the same contacts as 54LE55 of Bet1 first, to improve the assay signal, we used mutant rather
than wild-type reporter peptides, with reduced affinity,LxxLE; likewise, the C-terminal carbonyl oxygen atoms
are capped by arginine side chains from Sec24. How- selected so as not to compromise specificity; second,
to diagnose the effect of SNAREs, we titrated Sec24ever, the binding mode changes significantly at the DxE
aspartic acid residue, which adopts a left-handed back- against constant concentrations of SNARE(s) and re-
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porter, so that binding of the SNARE would give a char-
acteristic sigmoidal curve (because the SNARE outcom-
petes the reporter for the initial aliquots of Sec24),
whereas lack of binding would yield a simple binding
isotherm (Figure 6; see Experimental Procedures).
Does the LxxLE motif on Bet1 become occluded in
a v-/t-SNARE complex? Wild-type Bet1 displaced the
reporter peptide from the B site, and bound with an
affinity similar to short LxxLE peptides (Figure 6B; see
Experimental Procedures for affinities determined from
curve fits). By contrast, the fully mutant form of Bet1
present at the same concentration (12 M) did not bind,
confirming that the interaction was via the LxxLE motif.
Notably, the v-/t-SNARE complex, assembled from wild-
type Bet1, Bos1, Sec22, plus fully mutant Sed5, did not
bind when added at 12 M; its effect was essentially
the same as the buffer control (Figure 6B). We conclude
that the LxxLE motif of Bet1 is indeed occluded in the
v-/t-SNARE, and that COPII is selective toward the free
v-SNARE form of Bet1.
Closed Conformation of Sed5 Occludes
the YNNSNPF Motif
In the closed conformation of syntaxin-1 and yeast Sso1,
the NRD folds back on the SNARE motif, and the linker
region adopts a helical conformation that stabilizes the
autoinhibited state (Dulubova et al., 1999; Munson et
al., 2000). The location of YNNSNPF and LxxME motifs in
the Sed5 linker region suggested a potential regulatory
mechanism, but whether Sed5 undergoes an open/
closed conformational switch has not been determined.
To investigate this, we used the Sed5–GST protein to
mimic the putative open state, since it lacks the 3-helix
bundle of the NRD (residues 1–188) but retains the linker
region (Figure 1G). The putative closed state, repre-
sented by the Sed5 cytosolic domain fused to GST, was
problematic because as much as 30% of the protein
preparation was truncated (Figure 1A, lane 12). We cre-
ated a dual-tagged form of Sed5–GST, and reduced the
degraded material to 10% (see Experimental Proce-
dures).
First, we focused on the YNNSNPF sequence because
it appears to be the dominant motif in terms of affinity
(19-fold higher than LxxME); thus, the mutations
Lxx(ME→AA) were incorporated in all proteins in Figure
6C. Sed5, present at 30 M, displaced the reporter
peptide from the A site, and bound with approximately
the same affinity as short YNNSNPF peptides (Figure
6C and Experimental Procedures). Fully mutant Sed5
(40 M) did not bind, confirming that the interaction was
via the YNNSNPF motif. Strikingly, a high concentration
(45 M) of intact Sed5 gave only a weak binding signal.
Figure 4. Molecular Recognition of the DxE Cargo-Sorting Signal
This corresponded to 12% of the expected signal if
(A) Difference electron density (SA omit map) for the bound DxE the YNNSNPF motif were fully exposed, and it seems
sorting signal of Sys1, calculated at 2.6 A˚ resolution and contoured
likely that some, if not all, of the residual signal is dueat 2.8 . Note that the strong electron density for N-terminal residues
to the degraded Sed5 fraction. These results suggestconfirms the left-handed backbone conformation modeled for the
aspartic acid residue (black arrow). that full-length Sed5 adopts a closed conformation, and
(B) Interactions between the DxE sequence and the B site of Sec24. that the YNNSNPF motif is occluded as a result.
View is rotated 90 from (A). N- and C-terminal residues have been
omitted for clarity.
t-SNARE Assembly Exposes the YNNSNPF(C) Affinity titrations by fluorescence polarization measuring the ef-
Motif for COPII Bindingfects of alanine substitutions in the DxE sequence on the affinity
If the Sed5 closed conformation occludes YNNSNPF,for Sec24. A subset of the curves is shown for clarity.
(D) Summary of the alanine-scanning data shown in (C). then t-SNARE assembly should remove the autoinhibi-
tory contacts to expose this motif (Nicholson et al., 1998;
Cell
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Figure 5. Specificity of the COPII A- and B Sites
(A) Competition binding experiments show that the A site is specific for the Sed5 YNNSNPF motif. The ability of nonfluorescent peptides or
Sec22–GST to compete with a fluorescent (5-Fam) YNNSNPF peptide was measured by fluorescence polarization. Neither the Sed5 LxxME
sequence (green triangles) nor Sec22 (red diamonds) competed for the A site, whereas a YNNSNPF control peptide (blue squares) competed
effectively (x axis shows the concentration of competitor peptide). For comparison, an affinity titration of the fluorescent YNNSNPF peptide
is shown (black circles; x axis shows the concentration of Sec24). For details of the full peptide sequences used, see Experimental Procedures.
(B) The LxxME sequence of Sed5 binds to the B site. The ability of nonfluorescent peptides to compete with a fluorescent LxxLE peptide
was tested. The Sed5 LxxME sequence (green triangles) competed for the B site, albeit weakly. The DxE sequence of Sys1 (black triangles)
competed effectively. Neither the YNNSNPF sequence (blue squares) nor Sec22 (red diamonds) competed for the B site. An affinity titration
of the fluorescent peptide (black circles) is also shown.
Margittai et al., 2003). We tested the ability of t-SNARE B sites are both involved in t-SNARE binding, with Sed5
LxxME amplifying the YNNSNPF-based mechanism forcomplexes (Bos1/Sec22/Sed5, all including the
Lxx(ME→AA) mutations) to bind to the Sec24 A site t-SNARE selection.
(Figure 6D). Importantly, a t-SNARE (40 M) containing
the wild-type YNNSNPF sequence bound to the A site Discussion
with approximately the same affinity as short YNNSNPF
peptides. By contrast, the control t-SNARE (also 40 M) We have described a set of interactions between COPII
and ER–Golgi SNAREs, involving discrete peptide se-incorporating the YNNS(N→A)PF mutation registered
only a slight (13% of wild-type) binding signal, which quences of 10–15 residues which we imply will function
as transplantable signals for ER export in a suitablewe believe is due to a nonspecific interaction between
the t-SNARE and the fluorescent reporter peptide. We experimental system. The authenticity of the interac-
tions was established by X-ray crystallography, but thepropose that t-SNARE assembly exposes the YNNSNPF
motif to promote the interaction with COPII. To corrobo- structural view is deceptively simple as biochemical
analysis showed that the Sec24 A and B sites are ablerate the results, we repeated the experiments with
v/t-SNARE complexes, and found that v-/t-SNARE as- to discriminate among SNAREs according to their as-
sembly state.sembly (incorporating mutant Bet1) also exposed the
YNNSNPF motif (Figure 6D).
Finally, we tested whether the Sed5 LxxME sequence Architecture of the Prebudding Complex
Sec23/24–Sar1 is a flat, elongated particle with a con-(located in the linker region just upstream of the SNARE
motif) was affected by SNARE conformation or assem- cave membrane-proximal surface (Bi et al., 2002). The
A and B sites are located on opposite sides of Sec24bly (Figures 6E and 6F). Unlike YNNSNPF, LxxME bound
to Sec24 in both the open (Sed5) and closed states of on the periphery of this surface, and we estimate that
they will reside 20 A˚ from the bilayer in membranethe Sed5 molecule, with similar affinities (Figure 6E and
Experimental Procedures). And, unlike LxxLE on Bet1, bound COPII. A transmembrane protein would need to
extend as few as 20–25 residues into the cytoplasmLxxME was not occluded in a v-/t- or t-SNARE complex
(Figure 6F). Given these results, and the inherent weak- to span this distance (7–10 residues) and occupy the
binding site (10–15 residues). This suggests that mostness of the COPII–LxxME interaction, what role, if any,
does LxxME play in Sed5 selection? We tested whether cargo and SNAREs will lie laterally against or loop back
toward the membrane to bind Sec24.LxxME could combine with YNNSNPF to increase the
affinity of the open form of Sed5 (Sed5) for COPII (Fig- The Sec24 B site was noted previously as a potential
signal binding region because its constituent residuesure 6E). Indeed, the bipartite motif bound more tightly
than LxxME alone, with Kd  1.9 M. This is the tightest are almost invariant across species (Bi et al., 2002).
Likewise, LxxLE-related motifs are conserved in Bet1interaction we observed in this study, but the avidity
effect is nevertheless quite modest (compared with Kd proteins (e.g., YxxCE in humans, HxxLE in Drosophila)
both in terms of sequence and in position along the2.7 M for YNNSNPF alone). We note that our solution-
based assay can only report on intramolecular biva- SNARE motif. We note that the Sec24 homolog, yeast
Lst1, which fails to package Bet1 into vesicles, has criti-lency, and that while the bipartite motif is long enough
to traverse the 80 A˚ distance between the A and B cal residue changes at the B site that may explain loss
of binding: in particular, residue Leu582 of Sec24 (Figuresites, the corresponding intermolecular distance in a
polymerized COPII coat might well be shorter, and the 3F), which forms van der Waals contacts with Bet1
LxxLE, is changed to aspartic acid (Miller et al., 2002).avidity effect larger. We suggest that the Sec24 A and
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Figure 6. SNARE Assemblies and COPII Selectivity
(A) Purified SNARE–GST proteins were used for the fluorescence displacement assays. Gel was stained with Coomassie blue.
(B) The Bet1 LxxLE motif is occluded in the v-/t-SNARE complex. The ability of Bet1 monomer and v-/t-SNARE complex to displace a
fluorescent reporter peptide (5-Fam-KDAESQS) from the Sec24 B site was assessed by fluorescence polarization. Sec24 was titrated in a
solution containing fluorescent peptide and SNARE(s). Data are presented as fraction of fluorescent peptide bound. The v-/t-SNARE complex
(depicted as four bars) contains the wild-type Bet1 sequence LxxLE (denoted O), and fully mutant Sed5 with sequences YNNS(N→A)PF and
Lxx(ME→AA) (both denoted X). The v/t-SNARE complex failed to displace the fluorescent reporter (blue triangles). Wild-type Bet1 (depicted
as a single bar with O) displaced the reporter (green circles). Mutant Bet1, containing Lxx(LE→AA), had no effect (red squares); buffer alone
had no effect (black squares). For details of competitor concentrations used and results of curve fitting see Experimental Procedures.
(C) The closed conformation of monomeric Sed5 occludes the YNNSNPF motif. We tested the ability of the YNNSNPF sequence within Sed5
and Sed5 to displace the reporter 5-Fam-TANNSNPFMTSL from the A site. Only Sed5 effectively displaced the reporter (black circles).
(D) SNARE complex assembly exposes the YNNSNPF motif. The YNNSNPF motif within both the t-SNARE (green circles) and v-/t-SNARE
(black circles) complexes displaced the reporter 5-Fam-TANNSNPFMTSL from the A site. Note that the v-/t-SNARE appears less potent, but
this is because it was used at half the concentration of the t-SNARE; data fitting shows that the complexes bind with similar affinities (Kd 
5.5 M).
(E) The LxxME sequence is not occluded in monomeric Sed5. Fluorescent reporter was the B site-specific 5-Fam-QLKDLESQI.
(F) Binding of the Sed5 LxxME sequence to Sec24 is not affected by the assembly state. B site reporter was 5-Fam-KDAESQS.
Neither the Sed5 YNNSNPF motif nor residues of the A in the N-terminal region of the v-/t-SNARE helical bun-
dle, but is available for COPII binding in the unstructuredsite are conserved across species. A plausible explana-
tion is that the shape-based recognition principle of free v-SNARE. The relevance of this finding to the phy-
siological setting must be tested experimentally. Forthe A site has allowed some divergence of sequences,
whereas the side chain-chemistry-based recognition of now, we refer to this mechanism of coat selectivity as
v-SNARE conduction, to convey the notion that the spe-the B site is more restrictive in this regard. Alternatively,
Sed5/syntaxin-5 homologs may be selected via distinct cific recognition process causes the transport of the
v-SNARE from donor membrane to vesicle. Related coatsites. Studies of syntaxin-5 binding to mammalian Sec24
should address this issue. selectivity mechanisms may involve the conduction of
fusogenic or nonfusogenic forms of SNAREs.
COPII Selects SNAREs According to Their
Assembly State: Specific SNARE Conduction COPII Selection of Fusogenic Forms
of ER–Golgi SNAREsCOPII employs a simple and direct mechanism to dis-
criminate between the free and complexed forms of The finding that COPII selectivity involves conformation
as well as sequence determinants on Sed5 is not alto-Bet1 (Figure 7A). It seems that the LxxLE motif is buried
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Figure 7. SNARE Selectivity of the COPII
Coat
(A) Illustration summarizes the COPII binding
sequences and effects of SNARE assembly.
SNARE motifs that are accessible for binding
to COPII are colored green; occluded motifs
are red. The dotted line is drawn at a distance
of 20 A˚ from the bilayer, this being the pre-
dicted location of the A and B sites on mem-
brane bound COPII. The t-SNARE complex
and Sed5 monomer are expected to be un-
structured in the membrane-proximal half of
the SNARE motif (Fiebig et al., 1999); Bet1
monomer completely unstructured (Fiebig et
al., 1999); Sec22 unstructured in the mem-
brane-proximal region (Gonzalez et al., 2001);
Bos1 unstructured in the SNARE motif, based
on proteolytic sensitivity (E.M., unpublished
data). SNARE motifs are drawn as dark lines.
Linker and loop regions are abbreviated.
gether surprising in view of the well-documented confor- bly cycle may control fusion of vesicles moving antero-
gradely, while preventing fusion of COPII vesicles backmational switching of syntaxin SNAREs (reviewed by
Waters and Hughson, 2000). Syntaxin NRD regulation to the ER (because COPII binds fusogenic SNAREs at
the originating membrane). Finally, the proposal thatis believed to play a role in controlling SNARE complex
assembly prior to vesicle fusion. Our findings indicate COPII selects fusogenic v- and t-SNAREs to program
vesicle fusion implies that NSF acts once to disassemblean additional role for NRD regulation during budding.
The proposed mechanism of t-SNARE selection by cis-complexes at the ER membrane, and that subse-
quent reactions along the transport step are coupled inCOPII is based on a structural transition in the linker
region of the NRD, where the YNNSNPF motif is situated. order to preserve the activated state of the SNAREs.
Specifically, uncoating should be coupled to vesicleIn the closed form of Sed5, YNNSNPF is occluded; in
the open form, generated when Sed5 is complexed with docking to favor trans- over cis-complex formation, and,
at the ER membrane, NSF activity should be coupledits partner SNAREs, YNNSNPF is exposed and binds to
COPII (Figure 7A). This linker-transition model is consis- to COPII selection of the fusogenic forms. The further
development of these ideas awaits solutions to a num-tent with structural studies on plasma membrane syn-
taxins which demonstrated that the linker is structured ber of outstanding problems: one is the question of
the extent of homotypic versus heterotypic fusion in(helical) in the closed form and unstructured in the open
form of the SNARE (Munson et al., 2000; Margittai et ER–Golgi transport; a second is the mechanism of
v-SNARE recycling in transport circuits generally (re-al., 2003). We have yet to test whether the COPII–Sed5
interactions are modulated by the Sed5 binding protein viewed by Pelham, 1999). We simply note in passing
that Sec22, a potential retrograde v-SNARE, may exitSly1; however, recent studies showing that Sly1 binds
to residues 1–21 of Sed5 imply that the availability of the ER in two forms according to our data: as part of
the t-SNARE, or as a monomer interacting with Sec23/the YNNSNPF and LxxME sequences is unlikely to be
affected in the Sed5–Sly1 complex (Bracher and Weis- 24 via a folded epitope. Bos1 may exit the ER primarily
as part of the t-SNARE complex, since it appears notsenhorn, 2002; Yamaguchi et al., 2002).
The in vitro experiments showed that v-/t- and to interact directly with COPII. Although Bos1 contains
the sequence 41LVSLE45, this resides in the foldedt-SNARE assembly exposed the YNNSNPF motif equally,
but we suggest that, in vivo, COPII selectivity will be N-terminal domain and cannot bind to COPII according
to our experiments (Figure 1).biased toward the Sed5/Bos1/Sec22 t-SNARE complex.
Our assumption is that the SNARE-disassembly activity
of NSF maintains v-/t-SNARE cis-complexes at low lev- Experimental Procedures
els on the ER at steady state, as suggested for plasma
membrane SNAREs (Lang et al., 2002), and that this is Protein Preparation
The expression in insect cells and purification of truncated Sec24potentiated by COPII selection of Bet1 v-SNARE. Also,
(lacking residues 1–130) and other COPII proteins were carried outthe 120 A˚ long cis-complex may favor an upright orienta-
as described (Bi et al., 2002) using Ni2–IMAC and ion-exchangetion in the membrane and position the Sed5 linker region
chromatography. The soluble, truncated form of yeast Sar1 (24–190)
out of reach of the Sec24 A site (Figure 7A; Kiessling was complexed with the GTP analog, GppNHp, and Mg2, and puri-
and Tamm, 2003). fied as described (Bi et al., 2002).
The cytosolic region of yeast Sec22 was produced as an N-ter-In summary, we propose that the COPII coat selects
minal fusion to GST using the pETGEXCT vector transformed inthe fusogenic forms of ER–Golgi SNAREs, and as a con-
E.coli BL21(DE3)pLysS. Protein production was induced with 1 mMsequence the fusion specificity encoded in the cognate
IPTG for 3 hr at 30C. Cells were collected by centrifugation, resus-v- and t-SNARE proteins (Parlati et al., 2000) can be
pended in 50 mM HEPES [pH 7.5] plus 10% (w/v) sucrose and
deployed directly by COPII to determine the pattern of lysed with a single freeze-thaw cycle. DNase I was added to reduce
membrane flow in the ER-Golgi step. Put differently, the viscosity and, following centrifugation, protein was purified by gluta-
thione Sepharose chromatography. All other SNARE–GST fusiondirectionality imposed by the coat assembly/disassem-
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proteins were similarly produced (lacking transmembrane regions) M stock solutions in buffer B (150 mM NaCl, 50 mM HEPES [pH 7.5],
and 4 mM DTT) were stored at 80C. Fluorescence polarizationwith the following exceptions: one set of proteins was produced as
N-terminal fusions to GST via an engineered version of the pET28b titrations were carried out using a FluoroMax-2 fluorimeter equipped
with an autopolarizer (Instruments S.A., Inc.). Excitation and emis-vector in which the tandem SNARE and GST genes were cloned
into the NcoI and HindIII sites (specifically, constructs Sed5(198– sion wavelengths were set to 490 and 520 nm, respectively, and
slits were adjusted to 3–4 nm to yield between 1–2 million counts260)–GST, Sed5(202–240)–GST, Sed5(211–243)–GST, Sed5–GST,
wild-type and mutant versions of Sed5(202–212)–GST, and Sys1– during a one-second integration with sample held in a 70 l cuvette.
All titrations were carried out at 25C in degassed buffer B.GST); a final set of proteins was produced by the dual-tagging
system of His6–Smt3 and GST, utilizing both Ni2–IMAC and glutathi- For titration experiments (Figures 3C, 3G, and 4C), 5-Fam peptides
were maintained at a constant concentration (generally 0.2–0.5 M)one Sepharose chromatography, and the His6–Smt3 moiety was
removed by Ulp1 protease cleavage (Mossessova and Lima, 2000) at least 10-fold below Kd. The fluorescence polarization signal was
averaged for1 min following the addition of each aliquot of Sec24.(Bos1–GST, Bos1(1–153)–GST, Bos1(136–222)–GST, wild-type and
mutant Bet1–GST, wild-type and mutant Sed5–GST). Binding constants and error estimates were determined from least
squares fits to the equation: Pmin  (Pmax – Pmin) x [Sec24]/([Sec24] E.coli cytosol was prepared as follows: a 0.8 OD600 culture of
BL21(DE3)pLysS E.coli was lysed and clarified as described above, Kd). The fluorescence data between Pmin and Pmax were normalized
and reported as fraction (of 5-Fam peptide) bound.and 1 mM PMSF added. Supernatant was dialyzed overnight in 150
mM NaCl, 20 mM HEPES [pH 7.5], 5 mM DTT, centrifuged, and frozen Competition experiments shown in Figure 5 were carried out in
a similar manner, except that 5-Fam peptides and Sec24 were main-at80C. Upon thawing, cytosol (17 mg/ml) was supplemented with
0.2% (w/v) Triton X-100, centrifuged at 16,000 g for 10 min, and tained at constant concentrations, while the concentration of the
competitor (nonfluorescent peptide or Sec22–GST) was increased.used immediately.
Specifically, for experiments in Figure 5A, the fluorescent reporter
peptide 5-Fam-TYNASNPFMTSL (Kd  17.9 M) was maintained atSNARE Binding Assays
A saturating quantity (between 100–250 g) of SNARE–GST fusion 35 M and Sec24 at 60 M, while increasing the concentrations
of the nonfluorescent competitors PQNDSQLMLMEEGQLSN (Sed5protein was incubated with 10 l of a 50% (v/v) slurry of glutathione
Sepharose 4B beads (Pharmacia) for 30 min at 4C. Beads were LxxME), TYNNSNPFMTS or Sec22–GST. Likewise, in Figure 5B,
5-Fam-ADYSQSTLASLESQSEE (Kd  21.4 M) was maintained atwashed twice with buffer A (150 mM NaCl, 20 mM HEPES [pH 7.5],
5 mM DTT, 0.2% (w/v) Triton X-100), leaving 50–100 g of protein 50 M and Sec24 at 60 M, while increasing the concentrations of
the aforementioned competitor peptides, as well as the peptidebound to the beads. Beads were then mixed with Sec23/24 complex
(0.3 mg/ml) and E.coli cytosol (13 mg/ml) in the presence or absence QLKDLESQI (Sys1 DxE). Note that the fluorescent reporter peptides
used were mutant sequences with5-fold lower affinities than wild-of N terminally truncated Sar1–Mg2–GppNHp (0.3 mg/ml) in buffer
A plus an additional 25 mM NaCl (total assay volume 100 l). The type.
assay mix was incubated for 15 min at 4C, and beads were washed
once in 100 l buffer A. Proteins were eluted with SDS sample buffer Preparation of SNARE Complexes
and analyzed by 4%–20% gradient SDS–PAGE and Coomassie blue Protein expression in E.coli was scaled up using a Bioflow 3000
staining. fermenter (New Brunswick Scientific). Cultures were induced at
OD600 of 2.5–3 for 3 hr at 30C. Wild-type and mutant SNARE–GST
Crystallization and Structure Determination fusion proteins were purified as before, concentrated to between
Purified, full-length Sec24 protein (150 mg) was subjected to limited 1–20 mg/ml depending on the SNARE protein, and stored at80C.
proteolysis with chymotrypsin, which removes N-terminal residues For preparation of soluble v-/t- and t-SNARE complexes, 10–20
1–116, yielding a fairly homogeneous product, which was purified mg of total protein in8 ml was mixed such that the SNARE proteins
by gel-permeation chromatography. Protein was concentrated to were approximately equimolar and incubated overnight at 4C. Pro-
50 mg/ml in 200 mM NaCl, 20 mM HEPES [pH 7.3], 4 mM DTT, and teins were then separated by gel-permeation chromatography
stored at 80C. (Superdex 200). SNARE complexes were separated from free mono-
Crystals were grown by the hanging-drop method. Protein solu- mers by this method, and were concentrated to 25 mg/ml
tion (0.75 l) was mixed with an equal volume of 100 mM NaOAc (t-SNAREs) and 12 mg/ml (v-/t-SNAREs) in buffer B, then flash-
[pH 5.8], 0.35 M 1,6-hexanediol, 4 mM CoCl2. Crystals (space group frozen in liquid N2 and stored at 80C.
P3221; a  95 A˚, c  199 A˚) grew in two weeks at 4C. Complexes
of Sec24 and peptides were formed by soaking synthetic peptides
Fluorescence Displacement Assays(90% purity) into fully grown crystals. For this, crystals were trans-
Displacement experiments (Figure 6) were carried out as describedferred to soaking buffer comprising 50 mM NaOAc [pH 5.8], 0.3 M
for the affinity titrations, except that 5-Fam peptides and SNAREs1,6-hexanediol, 3 mM CoCl2, 100 mM NaCl, 2 mM peptide (except
were maintained at constant concentrations throughout each titra-Bet1 peptide which was soluble to only0.3 mM) and left overnight
tion. The reporter peptides used were 5-Fam-KDAESQS (Figuresat 4C. Crystals were cryoprotected by transfer to a solution of
6B and 6F; Kd  104 M), 5-Fam-TANNSNPFMTSL (Figures 6C andsoaking buffer containing additional 22% (w/v) glycerol, and flash-
6D; Kd  48 M), and 5-Fam-QLKDAESQI (Figure 6E; Kd  79 M).frozen in liquid propane. Crystals treated in this manner diffracted
We designed the peptide KDAESQS to lack hydrophobic residuesbeyond 2.5 A˚ resolution at a synchrotron source.
and thereby minimize nonspecific interactions with the t-SNAREX-ray diffraction data were measured at beamlines X-9A (Sed5
complex that were evident when using peptide sequences with heli-and DxE peptides; see Table 1) and X-25 (Bet1 peptide) of the
cal propensity.National Synchrotron Light Source (NSLS). Data were processed
Binding isotherms were fitted as before. For sigmoidal curves,with programs DENZO and SCALEPACK (Otwinowski and Minor,
binding constants and apparent SNARE concentrations were ob-1997). The structures were solved by molecular replacement with
tained by least squares fitting to a system of equations (Thoma, etthe program AMORE (CCP4, 1994) using Sec24 as the search model
al., 2000) using program Scientist (Micromath Research).(Bi et al., 2002). Models for the three crystal structures were im-
The concentrations of SNARE proteins, and the observed affini-proved by rigid-body and positional refinement with program CNS
ties, were as follows. For experiments shown in Figure 6B, wild-(Brunger et al., 1998), and models for the peptides were built once
type Bet1 was present at 12 M, and Kd  2.6  0.7 M; mutantthe refinements were close to convergence.
Bet1 (concentration 12 M); v-/t-SNARE complex (12 M). ValuesThe refinement statistics and composition of the final models are
for Figure 6C were as follows: fully mutant Sed5 (40 M); singlysummarized in Table 1. Each of the models has a single outlier in
mutant Sed5 (45 M); fully mutant Sed5 (40 M); singly mutantRamachandran plots: residue Leu908 is located in a loop region of
Sed5 (30 M, Kd  2.7  0.2 M). Values for Figure 6D were asweak electron density.
follows: fully mutant Sed5 t-SNARE (40 M); singly mutant Sed5
t-SNARE (40 M, Kd  5.4  0.5 M); fully mutant Sed5 v-/t-SNAREAffinity Titrations by Fluorescence Polarization
(20 M); singly mutant Sed5 v-/t-SNARE (20 M, Kd  5.9  1.2N-terminal 5-Fam (5-carboxyfluorescein) conjugated peptides were
obtained from SynPep Corporation at a purity of 90%, and 250 M). Values for Figure 6E were as follows: singly mutant Sed5 (30
Cell
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M, Kd  13  2 M); wild-type Sed5 (30 M, Kd  1.9  0.4 M); integral membrane protein required for vesicular transport between
the ER and the Golgi complex. J. Cell Biol. 119, 513–521.singly mutant Sed5 (30 M, Kd  10  2 M); fully mutant Sed5
(30 M). Values for Figure 6F were as follows: fully mutant Sed5 Kiessling, V., and Tamm, L.K. (2003). Measuring Distances in Sup-
t-SNARE (50 M); singly mutant Sed5 t-SNARE (50 M, Kd  19  ported Bilayers by Fluorescence Interference-Contrast Microscopy:
2 M); fully mutant Sed5 v-/t-SNARE (35 M); singly mutant Sed5 Polymer Supports and SNARE Proteins. Biophys. J. 84, 408–418.
v-/t-SNARE (35 M, Kd  22  3 M). Kuehn, M.J., Herrmann, J.M., and Schekman, R. (1998). COPII-cargo
interactions direct protein sorting into ER-derived transport vesicles.
Acknowledgments Nature 391, 187–190.
Lang, T., Margittai, M., Holzler, H., and Jahn, R. (2002). SNAREs inWe thank Xiping Bi for supplies of purified Sar1–GppNHp and Sec23/
native plasma membranes are active and readily form core com-24, Nicolas Thoma for advice on fluorescence displacement assays,
plexes with endogenous and exogenous SNAREs. J. Cell Biol. 158,and Tom So¨llner and Jim Rothman for discussions. This work was
751–760.supported by grants from the National Institutes of Health and the
Margittai, M., Fasshauer, D., Jahn, R., and Langen, R. (2003). TheHoward Hughes Medical Institute (J.G.), and a MSTP fellowship
Habc domain and the SNARE core complex are connected by a(L.C.B.).
highly flexible linker. Biochemistry 42, 4009–4014.
Mayer, A., Wickner, W., and Haas, A. (1996). Sec18p (NSF)-drivenReceived: April 30, 2003
release of Sec17p (alpha-SNAP) can precede docking and fusionRevised: July 12, 2003
of yeast vacuoles. Cell 85, 83–94.Accepted: July 12, 2003
Published: August 21, 2003 McNew, J.A., Parlati, F., Fukuda, R., Johnston, R.J., Paz, K., Paumet,
F., So¨llner, T.H., and Rothman, J.E. (2000). Compartmental specific-
References ity of cellular membrane fusion encoded in SNARE proteins. Nature
407, 153–159.
Aridor, M., Weissman, J., Bannykh, S., Nuoffer, C., and Balch, W.E. Miller, E., Antonny, B., Hamamoto, S., and Schekman, R. (2002).
(1998). Cargo selection by the COPII budding machinery during Cargo selection into COPII vesicles is driven by the Sec24p subunit.
export from the ER. J. Cell Biol. 141, 61–70. EMBO J. 21, 6105–6113.
Barlowe, C., Orci, L., Yeung, T., Hosobuchi, M., Hamamoto, S., Sa- Miller, E.A., Beilharz, T.H., Malkus, P.N., Lee, M.C.S., Hamamoto,
lama, N., Rexach, M.F., Ravazzola, M., Amherdt, M., and Schekman, S., Orci, L., and Schekman, R. (2003). Multiple cargo binding sites
R. (1994). COPII: a membrane coat formed by Sec proteins that drive on the COPII subunit Sec24p ensure capture of diverse membrane
vesicle budding from the endoplasmic reticulum. Cell 77, 895–907. proteins into transport vesicles. Cell 114, this issue, 497–509.
Bi, X., Corpina, R.A., and Goldberg, J. (2002). Structure of the Sec23/ Mossessova, E., and Lima, C.D. (2000). Ulp1-SUMO crystal structure
24-Sar1 pre-budding complex of the COPII vesicle coat. Nature 419, and genetic analysis reveal conserved interactions and a regulatory
271–277. element essential for cell growth in yeast. Mol. Cell 5, 865–876.
Bock, J.B., Matern, H.T., Peden, A.A., and Scheller, R.H. (2001). Munson, M., Chen, X., Cocina, A.E., Schultz, S.M., and Hughson,
A genomic perspective on membrane compartment organization. F.M. (2000). Interactions within the yeast t-SNARE Sso1p that control
Nature 409, 839–841. SNARE complex assembly. Nat. Struct. Biol. 7, 894–902.
Bracher, A., and Weissenhorn, W. (2002). Structural basis for the Newman, A.P., Shim, J., and Ferro-Novick, S. (1990). BET1, BOS1,
Golgi membrane recruitment of Sly1p by Sed5p. EMBO J. 21, 6114– and SEC22 are members of a group of interacting yeast genes
6124. required for transport from the endoplasmic reticulum to the Golgi
complex. Mol. Cell. Biol. 10, 3405–3414.Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
Grosse-Kunstleve, R.W., Jiang, J.S., Kuszewski, J., Nilges, M., Nicholson, K.L., Munson, M., Miller, R.B., Filip, T.J., Fairman, R.,
Pannu, N.S., et al. (1998). Crystallography & NMR system: a new and Hughson, F.M. (1998). Regulation of SNARE complex assembly
software suite for macromolecular structure determination. Acta by an N-terminal domain of the t-SNARE Sso1p. Nat. Struct. Biol.
Crystallogr. D. Biol. Crystallogr. 54, 905–921. 5, 793–802.
Cao, X., and Barlowe, C. (2000). Asymmetric requirements for a Nishimura, N., Bannykh, S., Slabough, S., Matteson, J., Altschuler,
Rab GTPase and SNARE proteins in fusion of COPII vesicles with Y., Hahn, K., and Balch, W.E. (1999). A di-acidic (DXE) code directs
acceptor membranes. J. Cell Biol. 149, 55–66. concentration of cargo during export from the endoplasmic reticu-
lum. J. Biol. Chem. 274, 15937–15946.CCP4 (Collaborative Computational Project 4). (1994). The CCP4
suite: programs for X-ray crystallography. Acta Crystallogr. D. Biol. Otwinowski, W., and Minor, W. (1997). Processing of X-ray diffraction
Crystallogr. 50, 760–763. data collected in oscillation mode. Methods Enzymol. 276, 307–326.
Chen, Y.A., Scales, S.J., Patel, S.M., Doung, Y.C., and Scheller, R.H. Parlati, F., McNew, J.A., Fukuda, R., Miller, R., So¨llner, T.H., and
(1999). SNARE complex formation is triggered by Ca2 and drives Rothman, J.E. (2000). Topological restriction of SNARE-dependent
membrane fusion. Cell 97, 165–174. membrane fusion. Nature 407, 194–198.
Dascher, C., Ossig, R., Gallwitz, D., and Schmitt, H.D. (1991). Identifi- Pelham, H.R. (1999). SNAREs and the secretory pathway-lessons
cation and structure of four yeast genes (SLY) that are able to sup- from yeast. Exp. Cell Res. 247, 1–8.
press the functional loss of YPT1, a member of the RAS superfamily. Peng, R., Grabowski, R., De Antoni, A., and Gallwitz, D. (1999).
Mol. Cell. Biol. 11, 872–885. Specific interaction of the yeast cis-Golgi syntaxin Sed5p and the
Dulubova, I., Sugita, S., Hill, S., Hosaka, M., Fernandez, I., Sudhof, coat protein complex II component Sec24p of endoplasmic reticu-
T.C., and Rizo, J. (1999). A conformational switch in syntaxin during lum-derived transport vesicles. Proc. Natl. Acad. Sci. USA 96, 3751–
exocytosis: role of munc18. EMBO J. 18, 4372–4382. 3756.
Fernandez, I., Ubach, J., Dulubova, I., Zhang, X., Sudhof, T.C., and Rowe, T., Dascher, C., Bannykh, S., Plutner, H., and Balch, W.E.
Rizo, J. (1998). Three-dimensional structure of an evolutionarily con- (1998). Role of vesicle-associated syntaxin 5 in the assembly of pre-
served N-terminal domain of syntaxin 1A. Cell 94, 841–849. Golgi intermediates. Science 279, 696–700.
Fiebig, K.M., Rice, L.M., Pollock, E., and Bru¨nger, A.T. (1999). Folding So¨llner, T., Whiteheart, S.W., Brunner, M., Erdjument-Bromage, H.,
intermediates of SNARE complex assembly. Nat. Struct. Biol. 6, Geromanos, S., Tempst, P., and Rothman, J.E. (1993). SNAP recep-
117–123. tors implicated in vesicle targeting and fusion. Nature 362, 318–324.
Gonzalez, L.C., Weis, W.I., and Scheller, R.H. (2001). A novel snare Springer, S., and Schekman, R. (1998). Nucleation of COPII vesicular
N-terminal domain revealed by the crystal structure of Sec22b. J. coat complex by endoplasmic reticulum to Golgi vesicle SNAREs.
Biol. Chem. 276, 24203–24211. Science 281, 698–700.
Sutton, R.B., Fasshauer, D., Jahn, R., and Bru¨nger, A.T. (1998). Crys-Hardwick, K.G., and Pelham, H.R. (1992). SED5 encodes a 39-kD
SNARE Selectivity of the COPII Coat
495
tal structure of a SNARE complex involved in synaptic exocytosis
at 2.4 A resolution. Nature 395, 347–353.
Thoma, N.H., Iakovenko, A., Owen, D., Scheigid, A.S., Waldmann, H.,
Goody, R.S., and Alexandrov, K. (2000). Phosphoisoprenoid binding
specificity of geranylgeranyltransferase type II. Biochemistry 39,
12043–12052.
Tochio, H., Tsui, M.M., Banfield, D.K., and Zhang, M. (2001). An
autoinhibitory mechanism for nonsyntaxin SNARE proteins revealed
by the structure of Ykt6p. Science 293, 698–702.
Votsmeier, C., and Gallwitz, D. (2001). An acidic sequence of a
putative yeast Golgi membrane protein binds COPII and facilitates
ER export. EMBO J. 20, 6742–6750.
Waters, M.G., and Hughson, F.M. (2000). Membrane tethering and
fusion in the secretory and endocytic pathways. Traffic 1, 588–597.
Weber, T., Zemelman, B.V., McNew, J.A., Westermann, B., Gmachl,
M., Parlati, F., So¨llner, T.H., and Rothman, J.E. (1998). SNAREpins:
minimal machinery for membrane fusion. Cell 92, 759–772.
Yamaguchi, T., Dulubova, I., Min, S.W., Chen, X., Rizo, J., and Sud-
hof, T.C. (2002). Sly1 binds to Golgi and ER syntaxins via a conserved
N-terminal peptide motif. Dev. Cell 2, 295–305.
Accession Numbers
The coordinates have been deposited in the Protein Data Bank with
the accession codes 1PCX (Sec24/LxxLE complex), 1PD0 (Sec24/
YNNSNPF), and 1PD1 (Sec24/DxE).
